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ELECTRONIC APPARATUS AND
MEASURING METHOD OF DETECTING
PULSES DEPENDING ON PHOTONS
COMPRISING DUAL WAVEFORM SHAPING
CIRCUITS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from Japanese Patent Application No. 2018-158707,
filed on Aug. 27, 2018; the enftire contents of which are

hereby incorporated by reference.

FIELD

Embodiments described herein relate generally to an
clectronic apparatus and a measuring method.

BACKGROUND

It 1s possible to detect photons with high sensitivity by
using avalanche photo diodes (APDs) operating in Geiger
mode. However, 1I various operations including distance
measurement are executed using APD arrays, signal pro-
cessing 1s required by the circuits 1n the next stage. For
example, signal processing can be used to make photon
counting easier. However, the processed signals may include
harmonic components.

Since APDs with shorter dead times are available today,
the demand for developing high-speed circuits connected to
the output terminals of APDs 1s becoming greater. The
development of technology which enables highly accurate
distance measurements without the use of expensive high
frequency circuits 1s needed. One example of the high
frequency circuits are circuits capable of transmitting and
processing signals with wide frequency bandwidths 1nclud-
ing harmonic components.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram describing a configuration
example of an electronic apparatus according to a {irst
embodiment;

FIG. 2 1s a graph of added output signals from a plurality
of avalanche photo diodes;

FIG. 3 1s a diagram presenting an example of a detection
circuit according to the first embodiment;

FIG. 4 1s a diagram presenting an example of a pulse
circuit;

FIG. 5 1s a graph showing an example of a pulse 1n the
output signal of the pulse circuit;

FIG. 6 1s a graph showing an example of a pulse in the
output signal of a wavelorm shaping circuit;

FIG. 7 1s a diagram showing the sampling periods needed
for different wavetorms of pulses;

FIG. 8 1s a diagram presenting an example of the wave-
form shaping circuit according to the first embodiment;

FIG. 9 1s a graph showing an example of a pulse in the
output signal of a wavelorm shaping circuit;

FIG. 10 1s a diagram presenting an example of a pulse
width adjustment circuit;

FIG. 11 1s a diagram presenting a configuration example
of the waveform shaping circuit according to a second
embodiment;
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2

FIG. 12 1s a diagram presenting a configuration example
of the wavetorm shaping circuit according to a third embodi-
ment,

FIG. 13 1s a graph showing an example of a pulse in the
output signal of the waveform shaping circuit according to
the third embodiment;

FIG. 14 1s a graph showing an example of the output
signal of the pulse circuit when APDs with short dead times
are used:

FIG. 15 1s a graph showing overlaps of pulses when
wavelorm shaping 1s applied to the output signal of the pulse
circuit, when APDs with short dead tunes are used;

FIG. 16 1s a diagram presenting a configuration example
of the detection circuit according to a fourth embodiment;

FIG. 17 1s a diagram presenting an example of a demul-
tiplexer circuit;

FIG. 18 1s a graph showing an example of a pulse i the
output signal of the wavelorm shaping circuit according to
a first variation;

FIG. 19 1s a diagram presenting a configuration example
of the detection circuit according to a second variation;

FIG. 20 1s a diagram presenting a configuration example
of the detection circuit according to a fifth embodiment;

FIG. 21 1s a block diagram describing a configuration
example ol an electronic apparatus according to a sixth
embodiment;

FIG. 22 1s a block diagram describing a configuration
example of an electronic apparatus according to a seventh
embodiment; and

FIG. 23 1s a block diagram describing a hardware con-
figuration example of the electronic apparatus.

DETAILED DESCRIPTION

According to one embodiment, an electronic apparatus
includes a first avalanche photo diode, a second avalanche
photo diode, a first pulse circuit, a second pulse circuit, a first
wavelorm shaping circuit, a second wavelform shaping cir-
cuit and an adder. The first pulse circuit 1s configured to
shape a signal of the first avalanche photo diode to a first
pulse. The second pulse circuit 1s configured to shape a
signal of the second avalanche photo diode to a second
pulse. The first wavelorm shaping circuit 1s configured to
shape the first pulse to a third pulse having a narrower
frequency bandwidth than that of the first pulse. The second
wavelorm shaping circuit 1s configured to shape the second
pulse to a fourth pulse having a narrower frequency band-
width than that of the second pulse. The adder 1s configured
to add the third pulse and the fourth pulse.

Hereinatter, embodiments of the present invention will be
described with reference to the drawings.

First Embodiment

FIG. 1 1s a block diagram describing a configuration

example of an electronic apparatus according to a first
embodiment. An electronic apparatus according to a first
embodiment will be described 1n reference to FIG. 1.
The electronic apparatus 1 1 FIG. 1 1s a distance mea-
suring device which measures the distance between the
device and an object 2. The electronic apparatus 1 includes
a light source 10, a detection circuit 11, an A/D converter
(ADC) 12 and a processing circuit 13. The processing circuit
13 includes an equalizer 14, a computation circuit 15 and a
controller 16 as internal components.

The light source 10 1s a device which emits pulses of

clectromagnetic waves to the object 2. An example of the
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light source 10 1s a combination of laser sources such as
laser diodes and circuits which generate pulses (pulse gen-
erator circuits). Also, LEDs and various types of lamps can
be combined with the pulse generator circuit. Thus, any type
of device can be used to generate electromagnetic waves.
The frequency bandwidth of the electromagnetic wave gen-
erated by the light source 10 1s not limited.

The emitted electromagnetic wave may be infrared rays,
near infrared rays, visible light, ultraviolet rays or the
combination of above. Therefore, the light source 10 can be
a source of infrared rays, near inirared rays, visible light or
ultraviolet rays. In the following, cases when electromag-
netic waves including visible light components are emitted
from the light source 10 are explained as examples. Such
clectromagnetic waves are simply referred to as “light”. The
pulses of electromagnetic waves emitted from the light
source 10 are referred to as the “third pulse”. Information of
the pulse shape of the light emitted by the light source 10
(pulse shape information) 1s shared with the detection circuit
11. For example, 11 light with pulses with approximately
rectangular shapes are emitted by the light source 10, the
pulse width (for example, 10 ns) 1s shared with the detection
circuit 11 as the pulse shape imnformation. The pulse shape
information may be shared by using any method. For
example, if the pulse shape of light emitted by the light
source 10 1s fixed, the pulse shape information can be
configured to the detection circuit 11 during the manufac-
turing of the electronic apparatus 1.

Also, electronic connections or wireless communications
between the light source 10 and the detection circuit 11 can
be used for referring the pulse shape information. Also, the
controller 16 may notity the pulse shape information to the
detection circuit 11. Then, 11 the pulse shape of light ematted
by the light source 10 1s changed, the detection circuit 11
could obtain information of the new pulse shape. Below,
cases when the pulse shapes of the emitted light are approxi-
mately rectangular shaped are explained. However, the
pulses of emitted light are not limited to specific shapes.

The emitted light 3 generated by the light source 10 1s
reflected by the object 2. Then, the reflected light 4 enters the
detection circuit 11. Part of the emitted light 3 may be
absorbed by the object 2. Part of the emaitted light 3 may pass
through the object 2. The reflected light 4 may be diffused
reflection light, specular reflection light or a combination of
the above. The retlected light 4 1s an example of the reflected
wave which 1s formed by having at least part of the output
wave from the light source 10 being retlected by the object
2.

The detection circuit 11 converts the incident light to
clectric signals. The detection circuit 11 also executes the
signal processing for the generated electric signals. The
detection circuit 11 includes: an array of elements which
executes photoelectric conversion; a wavelorm shaping cir-
cuit which shapes the electric signals provided from each
device; and an adder. Examples of elements which execute
photoelectric conversion include photodiodes and photo-
multiplier tubes. However, the type of element 1s not limited.
In the following, the elements which execute photoelectric
conversion are avalanche photo diodes (APDs) operating 1n
Geiger mode. Arrays of APDs which operate in Geiger mode
include MPPCs (Mult1 Pixel Photon Counters). However,
other elements can be used.

The detection circuit 11 detects electromagnetic waves
including the reflected waves of the emitted pulses. The
detection circuit 11 also converts the detected electromag-
netic waves to first electric signals. The first electric signals
which are output signals of the detection circuit 11 can be
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4

either analog signals or digital signals. Details of the detec-
tion circuit 11 are described later.

Since the mcident light may include lights from various

sources, the detection circuit 11 may also detect environ-
mental light S besides the retlected light 4. The amount and
nature ol detected environmental light 5 depends on the
design of the electronic apparatus 1 and the environment and
surface property of the object 2. It 1s possible that lights from
light sources other than the light source 10 (for example
other lighting equipment or sunlight) are reflected by the
object 2 and detected by the detection circuit 11. Since such
light do not originate from the light source 10, they fall into
the category of the environmental light 5.

The A/D converter 12 converts the first electric signal
from analog signals to digital signals. The type of circuit
used for the A/D converter 12 1s not limited. If the output
signals of detection circuit 11 are digital signals, 1t 1s
possible to use a sampler circuit instead of the A/D converter
12. If the analog signals are equalized, configurations with-
out the A/D converters or sampler circuits could be used.

In the example of FIG. 1, the A/D converter 12 1s
connected to the output terminal of the detection circuit 11.
However, the circuit connected to the output terminal of the
detection circuit 11 could be a different circuit. For example,
a digital filter and a sampler circuit could be connected. The
digital filter reduces the bandwidth of non-synchronized
digital signals. The sampler circuit samples the output
signals of the digital filter. The sampler circuit may be
configured by using a plurality of flip-flops.

The equalizer 14 equalizes the digital signals provided
from the A/D converter 12. For example, the equalizer 14
executes equalization processes including the multiplication
of tap coetlicients, generating a second electric signal. The
configuration of the equalizer 14 and the equalization pro-
cess applied to the electric signal are not limited. In the
example of FIG. 1, the equalization process 1s applied to the
digital signals. However, 1t 1s possible to apply the equal-
ization process to the analog signals. If the equalization
process 1s not applied to the electric signals, it 1s possible to
use a configuration without the equalizer.

The equalized signal (second electric signal) provided by
the equalizer 1s entered to the computation circuit 15 con-
nected to the output terminal. The computation circuit 15
estimates the distance between the electronic apparatus 1
and the object 2 based on the equalized signals (second
clectric signals). For the estimation of distances, 1t 1S pos-
sible to use the ToF (Time of Flight) method.

ToF 1s the time required for the emitted light 3 to proceed
from the light source 10 to the object 2 and to return back
to the electronic device 1 due to reflection by the object 2
(reflected light 4). By multiplying the speed of light (ap-
proximately 3x10° m/s) to the time difference ToF and
dividing by 2, 1t 1s possible to calculate the distance to the
object 2. The equation (1) below 1s the calculated distance.

- ToF-c (1)

)

In the equation (1), division by 2 1s required to calculate the
one-way time instead of the round-trip time.

The controller 16 controls the light source 10 and the
detection circuit 11. Specifically, the controller 16 controls
the pulse shape, the pulse width, the intensity and the
emitted timing of light. Also, the controller 16 may control
the frequency of light and the direction of emitted light. The
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controller 16 1s connected electrically to the light source 10.
The controller 16 executes the above processes by sending
control signals to the light source 10. The control signals
may be transmitted by using wireless communication.
Also, the controller 16 1s connected electrically to the
detection circuit 11. The controller 16 notifies information of

the pulse emitted by the light source 10 (pulse information)
to the equalizer 14, via the electrical connection. Examples
of the notified pulse information include the pulse width
T, »rn» the wavelorms of the emitted light in the time
domain, the frequency characteristics H, ,,(1) of the emitted
pulse and the output of emitted light. The output of emitted
light may be normalized values, absolute values of electric-
ity and the number of photons. However, the output of
emitted light can be measured by using any other method.

The detection circuit 11 can shape the electric signals
based on the pulse information which 1s notified. For
example, the detection circuit 11 can configure the pulse
width of the electric signal equal to the pulse width T, 554
of light emitted by the light source 10. Thereby, 1t 1s possible
to maximize the signal-to-noise ratio of the electric signal
originating from the retlected light 4, mimimizing the efects
of noises including the environmental light 5. By executing
the above process, the implementation of histogram circuits
for inferring the shapes of pulses in the emitted light 1s no
longer required. Details of the wavetorm shaping processes
executed by the detection circuit 11 are described later. The
controller 16 may transmit pulse information to the detection
circuit 11 by using wireless communication.

The controller 16 may be connected electrically to the
equalizer 14. Then, the controller 16 notifies the pulse
information of emitted light via the electrical connection.
The equalizer 14 may determine the tap coethicients w, (k=0,
1,...,N)based on the notified pulse information. The pulse
information may be transmitted by using wireless commu-
nication methods.

FIG. 2 1s a graph of added output signals from a plurality
of avalanche photo diodes. In the graph of FIG. 2, the
horizontal axis 1s representing the time. In the graph of FIG.
2, the vertical axis 1s representing the current of the electric
signal. For example, the wavetorm (pulses) of the electric
signals may be obtained by measuring the current, the
voltage or the power.

Since the sensitivity of APDs operating in Geiger mode 1s
high, 1t 1s possible to detect a single photon. If an APD
operating 1 Geiger mode detects a photon, a transient
response occurs. Therefore, 11 an APD detects a photon, a
pulse sloping gently from the peak i1s 1n the output signal.
Pulses sloping gently from the peak can be expressed
approximately by using exponential decay functions with
time constant of T.

As presented 1n the example of FIG. 2, 1f output signals
from a plurality of APDs are added directly, response signals
with overlapping pulses of current are generated 1n the time
domain. Since there are usually time differences between the
peaks corresponding to each photon, the maximum ampli-
tude of the signal 1s not equal to total value of the peaks
generated i each APD. Therefore, 1t 1s diflicult to calculate
the total number of detected photons by only referring to the
wave height (amplitude) of the response signals. The detec-
tion circuit according to the embodiment shapes the pulses
in the electric signals provided from each APD. Then, it is
possible to measure the number of photons originating from
the emitted light 3, without using expensive high frequency
circuits. Also, 1t 1s possible to perform accurate measure-
ments ol distances.
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Next, the configuration of the detection circuit according
to the first embodiment 1s described. FIG. 3 1s a diagram
presenting an example of a detection circuit according to the
first embodiment. In the detection circuit 11, a plurality of
branches (for example, N branches including branch 20a
and branch 206) are connected in parallel to the mnput side
of the adder 25. The output signal of the adder 25 becomes
the output signal of the whole detection circuit 11. Fach of
the N branches included 1n the detection circuit 11 include
an APD 21 and a quenching circuit. The output signals of
cach branch enter the adder 25. The detection circuit 11
operates as a circuit which detects electromagnetic waves
(for example, visible light) by using a plurality of avalanche
photo diodes.

The configurations for each of the N branches 1n the
circuit are uniform. In the following, the configuration of the
branch 20aq 1n the detection circuit 11 1s explained as an
example.

The branch 20q includes an APD 21, a quenching circuit
22, a pulse circuit 23 and a wavelorm shaping circuit 24. The
APD 21 1s an avalanche photo diode operating in Geiger
mode. The quenching circuit 22 i1s connected between the
output of APD 21 and the ground. Examples of the ground
include the reference potential of the detection circuit 11 and
the electronic apparatus 1. The quenching circuit 22 stops
the avalanche current by setting the bias voltage of the APD
to a value lower than the breakdown voltage. The quenching
circuit 22 may include passive elements such as resistors.
The quenching circuit 22 may also include active elements
such as transistors. The configuration of the quenching
circuit 22 1s not limated.

The output terminal of the APD 21 (the input terminal of
the quenching circuit 22) 1s connected to the pulse circuit 23.
The pulse circuit 23 shapes the pulses 1n the output signal of
the APD 21 to approximately rectangular shapes. FIG. 4 1s
a diagram presenting an example of a pulse circuit 23. The
pulse circuit 23 includes a comparator 30, a delaying ele-
ment 31 and an AND circuit 32.

The comparator 30 compares the voltage V_ 1n the output
of the APD 21 (the mput of the quenching circuit 22) with
the reference voltage Vg If the condition V _>=V..
holds, the amplitude of pulses 1n the output signal of the
comparator 20 becomes greater than cases when the condi-
tion V_<V . holds.

The delaying element 31 delays the pulses in the output
signal of the comparator 30. For example, the delay caused
by the delaying element 31 can be configured to values
smaller than the dead time of the APD 21. Thereby, 1t 1s
possible to prevent the pulses corresponding to different
photons to overlap in the electric signals. The AND circuit
32 generates the logical AND between the pulses entered
from the comparator 30 and inverted signal of pulses
delayed by the delaying element 31. The pulse circuit 23
presented 1 FIG. 4 1s only an example. Therefore, 1t 1s
possible to use a circuit with different configurations to form
the shapes of pulses 1n the output signals of the APD 21.

Thereby, the pulse circuit 23 generates an approximately
rectangular shaped pulse rising when the voltage V_ 1s equal
to the reference voltage V... The generated approximately
rectangular shaped pulse has a pulse width equal to the delay
caused by the delaying element 31. FIG. 5 1s a graph
showing an example of a pulse 33 1n the output signal of the
pulse circuit 23. The horizontal axis of FIG. 5 represents the
time. The vertical axis of FIG. 5 represents the amplitude of
clectric signals. Examples of the amplitude include the
current and the voltage. If an avalanche photo diode with
short dead time 1s used as the APD 21 and the delay caused
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by the delaying element 31 1s set to a short time, the width
of the pulse 33 in the output signal of the pulse circuit 23
becomes smaller. If pulses with small widths need to be
counted, edge detection with expensive high frequency
circuits 1s required.

To avoid the use of expensive circuits, the wavelorm
shaping circuit 24 connected to the output terminal of the
pulse circuit 23 changes the shapes of the approximately
rectangular pulses (for example, pulse 33 in FIG. 5) to other
shapes. Examples of the pulses after the changing of shapes
include the approximately triangular shaped pulse 34 pre-
sented 1n the top of FIG. 6 and the sinc function-shaped
pulse 35 presented in the bottom of FIG. 6. Also, the
wavelorm shaping circuit 24 may shape the pulses into
Gaussian curve-shaped pulses. By changing the shapes of
the pulses, 1t 1s possible to reduce the frequency bandwidth
required to transmit the electric signals. The shapes of the
pulses mentioned above are only examples. As long as the
pulse could be transmitted by using narrower frequency
bandwidth compared to the approximately rectangular
shaped pulses, the pulses may be changed to any other shape
In above, a pulse circuit 23 which shapes the pulses 1n the
output signal of the APD 21 to approximately rectangular
shaped pulses, was described. However, the pulse circuit
may form the pulses 1n the output signal of the APD to other
shapes. For example, 1f the light source 10 emits electro-
magnetic waves with pulses of shapes other than the
approximately rectangular shape, the pulse circuit 23 may
shape the pulses 1n the electric signals to shapes which are
similar to that of the pulses 1n the emitted electromagnetic
waves.

In the following, the pulse being formed by the pulse
circuit 1s called the first pulse. The shape of the first pulse 1s
called the first shape. Also, the pulse being formed by the
wavelorm shaping circuit 1s called the second pulse. The
second pulse can be transmitted by using narrower ire-
quency bandwidth compared to the first pulse.

FI1G. 7 1s a diagram showing the sampling periods needed
for different wavetorms of pulses. If electric signals are
sampled to detect approximately rectangular shapes pulses
like pulses 26a and 265, 1t 1s difficult to determine whether
the sampled peak of amplitude corresponds to the rising part
of the pulse or the falling part of the pulse. Therefore, 1f the
rising time of the pulse and the falling time of the pulse are
estimated only by using the sampled amplitudes, the esti-
mated time may include errors equal to the pulse width, in
maximum. Therefore, the edge detection 1s necessary to
estimate the accurate rising time of pulses and falling time
ol approximately rectangular pulses.

However, 1f pulses 27a and 275 are used, 1t 1s possible to
estimate the timing of pulses when the amplitudes are being
sampled. For example, 1f the pulses are approximately
triangular shaped, there 1s a correlation between the ampli-
tude and time. Therefore, 1t 1s possible to estimate the central
time of pulse and rising time of pulse by executing math-
ematical calculations. Also, 1 approximately triangular
shaped pulses like the pulses 27a and 27b are used, it 1s
possible to set the sampling period to values which are
longer compared to cases when approximately rectangular
shaped pulses are detected. Therefore, it 1s possible to detect
pulses without the use of expensive high sampling rate A/D
converters or sampler circuits. Also, the edge detection
process 1s no longer necessary.

Next, the configuration of the wavelform shaping circuit
24 15 explamned. FIG. 8 1s a diagram presenting an example
of the waveform shaping circuit according to the {first
embodiment. The waveform shaping circuit 24 includes a
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pulse width adjusting circuit 36, a delaying element 374, a
delaying element 375, a multiplier 38a, a multiplier 385, a
multiplier 38¢ and an adder 39.

The pulse width adjusting circuit 36 adjusts the pulse
width of approximately rectangular shaped pulses 1n the
clectric signal. Details of the pulse width adjusting circuit 36
are described later. If the adjustment of pulse width 1s not
necessary, configurations without the pulse width adjusting
circuit 36 may be used. The output signal of the pulse width
adjusting circuit 36 branches and enters the element 374 and
the multiplier 38¢. The electric signal delayed by the delay-
ing element 37a branches and enters the delaying element
376 and the multiplier 385. Finally, the electric signal
delayed by the delaying element 37a and the delaying
clement 37b are entered to the multiplier 38a.

The delaying element 37a and the delaying element 375
delay the electric signal. The length of the delayed time 1s
not limited. The multipliers 38a, 3856 and 38¢ multiply a
certain coetlicient to the entered electric signal. The values
of the coetlicients are not limited.

The adder 39 1s a digital adder which adds electric signals
entered from the multipliers 38a, 385 and 38c. The output
signal of the adder 39 becomes the output signal of the
wavelorm shaping circuit 24. FIG. 9 1s a graph showing an
example of a pulse 42 1n the output signal of a wavetform
shaping circuit 24. Referring to FIG. 9, a plurality of
approximately rectangular shaped pulses are combined 1n
the time domain and amplitude direction to form a pulse
with greater width and amplitude. The base of the pulse 42
has a width equal to two approximately rectangular shaped
pulses. The amplitude of pulse 42 1s equal to the sum of
amplitude of two approximately rectangular shaped pulses.

The configuration of the waveform shaping circuit 24
presented in FIG. 8 1s only an example. Therefore, circuits
with different configurations may be used. In the example of
FIG. 8, two delaying elements are connected in series.
Output signals from three multipliers are entered to the
adder. However, the number of delaying elements N and the
number of multipliers N+1 can take different values. Here,
N 1s a positive integer. The pulse generated by the wavetform
shaping circuit has a base width equal to N approximately
rectangular shaped pulses. The amplitude of the pulse gen-
erated by the waveform shaping circuit equals to the sum of
N approximately rectangular shaped pulses. By setting the
value N to a large number, 1t 1s possible to generate
approximately triangular shaped pulses.

Also, the values of the coeflicients used by the multipliers
can be adjusted to change the shape of the pulses generated
by the waveform shaping circuit 24. If the coellicients are set
to a greater number, the amplitude of the generated pulses
would be greater. Also, the delay caused by the delaying
clements can be a constant value or different values depend-
ing on the delaying element. By adjusting the delay time of
the delaying elements, 1t 1s possible to generate pulses with
shapes other than the approximately triangular shape.

FIG. 10 1s a diagram presenting an example of a pulse
width adjustment circuit 36. The pulse width adjustment
circuit 36 includes an inverter chain and a RS fhp-flop
circuit. The output of the mverter chain 1s connected to the
SE'T mput of the RS flip-tlop circuit. Also, the input signal
X to the pulse width adjustment circuit 36 1s entered directly
to the reset input of the RS flip-flop circuit. If the input signal
X changes from 0 to 1 1n the pulse width adjustment circuit
36, the output signal Y 1s set to 1. If the delay time of the
inverter chain elapses, the output of the inverter chain would
become 1 as well. In this case, the value of output Y becomes
0 regardless of the value of the input signal X.
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In the pulse width adjustment circuit 36 of FIG. 10, a
pulse with width equal to the delay time of the inverter chain

1s 1n the output signal Y, regardless of the timing when the
value of the input signal X changes from 1 to 0. Thus, the
pulse width does not depend on the falling timing of the
input signal X. By using the pulse width adjustment circuit
36, 1t 1s possible to set the widths of the pulses 1n the electric
signal to a certain value. For example, if the pulse width of
the pulses 1n the electric signals entering from the pulse
circuit 23 1s small, it 1s possible to change the pulse width
to a larger value. Then, 1t 1s possible to reduce the frequency
band width required to transmit the electric signals and the
sampling frequencies. However, the pulse width adjustment
circuit 36 may change the pulse width to a smaller value.
The circuit presented 1n FIG. 10 1s only an example of the
pulse width adjustment circuit. Thus, circuits with a diflerent
configuration can be used to adjust the pulse width of pulses
in the electric signal.

Referring to FIG. 3 again, the detection circuit according,
to the first embodiment 1s described. The output signal of the
wavelorm shaping circuit 24 1s entered to the adder 25. As
presented 1n the configuration of FIG. 3, the output signals
from a plurality of branches including the avalanche photo
diode and the quenching circuit are entered to the adder.
Therefore, 1t 1s possible to prevent the variations in the
characteristics of elements to affect the overall accuracy of
photon detection.

The adder 25 adds the electric signals entered from the N
branches. The output signal of the adder 25 becomes the
output signal of the detection circuit 11. The adder 25 can be
an analog adder or a digital adder. Thus, the type of adder to
be used 1s not limited.

The detection circuit 11 can be a monolithic complemen-
tary metal oxide semiconductor device implementing the
array of the avalanche photodiode (APD 21), the quenching
circuit 22, the pulse circuit 23, the wavetorm shaping circuit
24 and the adder 25. Fach component can be implemented
in separate chips. Thus, the detection circuit can be imple-
mented using any kind of form.

By using the detection circuit according to the first
embodiment, the signal processing circuits connected to the
output terminal can estimate the peak time of pulses by
referring to the amplitude of pulses, without detecting the
edges of signal. Therefore, 1t 1s not necessary to obtain the
timing of pulses by TDCs (Time/Digital Converters). IT the
output signals of the detection circuit are analog signals, 1t
1s possible to obtain the timing of the pulses by using A/D
converters. If output signals of the detection circuit are
digital signals, 1t 1s possible to obtain the timing of pulses by
using flip-flops. In such cases, 1t 1s not necessary to use high
sampling rate A/D converters or tlip-flops operating 1n high
clock frequencies.

After the timing of pulses are obtained by using TDCs
(Time/Dagital Converters), the results obtained by the TDCs
needed to be saved. The amplitude and the timing of the
reflected light 4 were estimated based on histogram calcu-
lation. If the detection circuit according to the embodiment
1s used, the above process of saving of data and histogram
calculation are not required. Thus, 1t 1s possible to reduce the
circuit area and consumption of electricity.

Second Embodiment

The wavetform shaping circuit according to the first
embodiment added electric signals from each branch by
using a digital adder. However, the wavetorm shaping circuit
described 1n the first embodiment 1s only an example. For
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example, 1t 1s possible to add signals by using analog adders
to generate the shaped pulses. In the following, an example

ol a wavetorm shaping circuit which uses an analog adder 1s
described.

FIG. 11 1s a diagram presenting a configuration example
of the wavelorm shaping circuit according to a second
embodiment. The wavetform shaping circuit 24a includes a
pulse width adjusting circuit 36, a delaying element 374, a
delaying element 375, a current source 40a, a current source
405, a current source 40¢, a switch 49a, a switch 495 and a
switch 49¢. Similar to the first embodiment, the delay time
of the delaying elements 37a and 3756 are not limited.

On the transmission line 50a, the current source 40a and
the switch 49a are connected in series. Similarly, on the
transmission line 5054, the current source 4046 and the switch
495 are connected i1n series. On the transmission line 50c¢, the
current source 40c and the switch 49¢ are connected 1n
series. The transmission lines 50aq, 506 and 50c¢ are con-
nected 1n parallel.

The current source 40a provides a constant current to the
transmission line 50a, when the switch 494 on the trans-
mission line 50aq 1s turned on. The current source 405
provides a constant current to the transmission line 505,
when the switch 4956 on the transmission line 306 1s turned
on. The current source 40c provides a constant current to the
transmission line 50c¢, when the switch 49¢ on the transmis-
sion line 50c¢ 1s turned on. The current sources 40a, 405 and
40c can be configured with combinations of DC power
sources and resistors. However, the implementation of the
current sources 1s not limited. The currents provided by each
current source could be equal. Also, the currents provided by
cach current source could be different. As long as the

directions of currents provided by each current source are
uniform, the direction of the currents can be the opposite of
FIG. 11.

The switch 49a operates based on the voltage applied
from the mput terminal. Similarly, the switch 496 operates
based on the voltage applied from the input terminal. The
switch 49¢ operates based on the voltage applied from the
input terminal. The switches can be implemented by FETs
(field-etlect transistors). However, other devices can be used
to 1implement the switches. If FETs are used, the gate
terminal of the FET corresponds to the input terminal of the
switch.

The pulse width of the approximately rectangular shaped
pulse 1n the iput signal of the wavetform shaping circuit 24a
1s adjusted by the pulse width adjusting circuit 36. If the
adjustment of pulse width 1s not necessary, a configuration
without the pulse width adjusting circuit 36 can be used. The
output signal of the pulse width adjusting circuit 36 branches
and enters to the delaying element 37a and the switch 49c¢.
The signal delayed by the delaying element 37a branches
and enters to the switch 496 and the delaying element 375.
Finally, the signal delayed by the delaying element 37a and
the delaying element 375 enters to the switch 49a. The
output signal of the wavelorm shaping circuit 24a 1is
obtained from the junction of the transmission lines 50a, 505
and 50c.

It 1s possible to obtain the pulse 42 1n FIG. 9 as the output
signal by using the waveform shaping circuit 24a. The
circuit of FIG. 11 includes three switches and three current
sources. However, the number of elements in the circuit
could be different. For example, it 1s possible to configure a
circuit with M delaying elements and M+1 switches and
current sources. Here, M 1s a positive integer. By adjusting
the value M, the current provided by the current sources and
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the delay time of the delaying elements, 1t 1s possible to
modity the shapes of the pulses included 1n the output signal.

Third Embodiment

The waveform shaping circuit according to the second
embodiment used an analog adder. However, diflerent cir-
cuits could be used to add electric signals from the plurality
of branches. In the waveform shaping circuit according to
the second embodiment, shaped pulses are provided 1n the 10
form of current signals. However, the shaped pulses could be
provided 1n the form of voltage signals. In the third embodi-
ment, another example of a circuit executing analog addi-
tions 1s described.

FIG. 12 1s a diagram presenting a configuration example 15
of the wavetorm shaping circuit according to a third embodi-
ment. The waveform shaping circuit 2456 1n FIG. 12 includes
a pulse width adjusting circuit 36, a delaying element 37a,

a delaying element 375, a current source 40, a switch 49aq,

a switch 495, a switch 49¢, a resistor 41a, a resistor 415, a 20
resistor 41¢ and a resistor 41d. As 1n the first and second
embodiments, the delay times of the delaying element 37a
and the delaying element 375 are not limited.

On a transmission line 51a, the switch 494 and the resistor
41a are connected 1n series. On a transmission line 515, the 25
switch 496 and the resistor 415 are connected 1n series. On
a transmission line 51¢, the switch 49¢ and the resistor 41c¢
are connected 1n series. Also, the resistor 41d 1s located on
a transmission line 51d. The transmission lines 50q, 505, 50¢
and 51d are connected 1n parallel. The edges of the trans- 30
mission lines 50a, 505, 50¢ and 514 with the resistors are
connected to a ground. Examples of the ground include the
reference voltages of the wavetform shaping circuit 245, the
detection circuit 11 and the electronic apparatus 1. Other
edges of the transmission lines 30a, 505, 50c and 51d are 35
connected to the current source 40.

The direct current provided by the current source 40 1s
provided to the transmission line 314 and the transmission
lines 50a, 505, 50¢ and 51d. The current source 40 can be
configured with a combination of a DC power source and 40
resistors. However, the implementation of the current source
40 1s not limited. The value of current and the direction of
current generated by the current source 40 are not limited.

The switch 49a operates based on the voltage applied to
the mput terminal. Similarly, the switch 495 operates based 45
on the voltage applied to the input terminal. The switch 49¢
operates based on the voltage applied to the input terminal.
The switches can be implemented by FETs (field-eflect
transistors). However, other devices can be used to imple-
ment the switches. If FETs are used, the gate terminal of the 50
FET corresponds to the mput terminal of the switch.

The pulse width of the approximately rectangular shaped
pulse 1n the mput signal of the wavetform shaping circuit 245
1s adjusted by the pulse width adjusting circuit 36. It the
adjustment of pulse width 1s not necessary, a configuration 55
without the pulse width adjusting circuit 36 can be used. The
output signal of the pulse width adjusting circuit 36 branches
and enters to the delaying element 37 and the switch 49c.
The signal delayed by the delaying element 37a branches
and enters to the switch 496 and the delaying element 375. 60
Finally, the signal delayed by the delaying element 374 and
the delaying element 375 1s entered to the switch 49a. The
output signal of the wavelorm shaping circuit 245 1s
obtained from the terminal between edges of the transmis-
sion lines 50a to 50c¢ and the current source 40. 65

By using the waveform shaping circuit 245, 1t 1s possible
to obtain output signals including the pulse 43 1n FIG. 13.

12

The vertical axis of the graph in FIG. 13 represents the
voltage. The horizontal axis of the graph 1n FIG. 13 repre-

sents the time. FIG. 13 shows the shaped pulses are provided
in the form of electric voltage signals.

The circuit of FI1G. 12 1includes two delaying elements and
three switches. However, the number of elements in the
circuit could be different. For example, 1t 1s possible to
configure a circuit with L delaying elements and L+1
switches. Here, L 1s a positive integer. By adjusting the value
L, the current provided by the current sources and the delay
time of the delaying elements, 1t 1s possible to modify the
shapes of the pulses included 1n the output signal.

Fourth Embodiment

If avalanche photo diodes (APDs) with short dead times
are used, pulses 1n the electric signals are generated with
short 1ntervals. Although the pulse circuit forms the pulses
into approximately rectangular shapes, the intervals between
the pulses are short. FIG. 14 1s a graph showing an example
of the output signal of the pulse circuit when APDs with
short dead times are used. In the graph of FIG. 14, the
vertical axis represents the amplitude of the electric signals.
The horizontal axis represents the time. The amplitude of the
clectric signals may be the current, the voltage, the power or
any other physical value.

If the electric current of FIG. 14 1s provided to the
wavelorm shaping circuit, the wavelorm shaping circuit
changes the approximately rectangular shaped pulses nto
approximately triangular shaped pulses, as shown 1n FIG.
15. Referring to the graph of FIG. 15, the pulses are
overlapping in the time domain. Thus, 1t 1s dithcult to
distinguish each of the pulses. If APDs with short dead time
are used, measures to prevent the overlapping of pulses need
to be performed before the shaping of pulses.

Also, 11 the detection circuit 11 includes many APDs, the
wiring length of the circuit becomes large. For example, in
high density devices such as MPPCs, APDs are imple-
mented for each pixel. Thus, the number of the APDs could
be 1in the order of thousands or even more. Also, time
interleave 1s used for reading a plurality of MPPC chips with
a common reading circuit. Thus, there have been cases when
the use of circuits capable of transmitting large frequency
bandwidths was necessary.

In the detection circuit according to the fourth embodi-
ment, a demultiplexer 1s used to assign each of the pulses to
different channels. Then, the pulses are shaped in each of the
channels. Below, the detection circuit according to the fourth
embodiment 1s described.

FIG. 16 1s a diagram presenting a configuration example
of the detection circuit according to a fourth embodiment. In
a detection circuit 11a, a plurality of branches (for example,
N branches including branches 20¢ and 20d) 1s connected to
the input side of the adder 52, 1n parallel. The output signal
of the adder 52 becomes the output signal of the detection
circuit 11a. The N branches 1n the detection circuit 11a each
include an APD 21 and a quenching circuit. The output
signals of each of the branches are entered to the adder 52.
The detector circuit 11a operates as a circuit to detect
clectromagnetic waves (for example, visible light) by using
a plurality of avalanche photo diodes.

The configurations for each of the N branches in the
detection circuit 11a are uniform. In the following, the
configuration of branch 20c¢ 1s explained as an example.

The branch 20c¢ of the circuit includes an APD 21, a
quenching circuit 22, a pulse circuit 23, a demultiplexer
circuit 28 and a plurality of waveform shaping circuits 29.
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The configurations and the features of the APD 21, the
quenching circuit 22 and the pulse circuit 23 are similar to
the corresponding components in the detection circuit
according to the first embodiment. In the fourth embodi-
ment, the demultiplexer circuit 28 1s connected to the next
stage of the pulse circuit 23. The demultiplexer circuit 28
detects the pulses in the output signal of the pulse circuit 23.
Then, the demultiplexer circuit 28 assigns the pulses to each
of the channels (channels #0-#n) after a delay time.

Then, the waveform shaping circuits 29 1 each of the
channels changes the shapes of the assigned pulses to shapes
which reduce the frequency bandwidth that 1s necessary to
transmit the electric signals. The pulses can be shaped to
approximately triangular shape pulses, sinc function shapes
or Gaussian curve shapes. Pulses can be shaped to any other
shapes. The features and configuration of the wavetorm
shaping circuits 29 1s similar to that of the waveform shaping
circuit 24 according to the first embodiment. Since each
channel has a waveform shaping circuit 29, the number of
wavelorm shaping circuits 29 in each of the branches 1s
equal to the number of channels (n+1) 1n the demultiplexer
circuit 28.

Next, details of the demultiplexer circuit 28 are described.
FIG. 17 1s a diagram presenting an example of a demulti-
plexer circuit. The demultiplexer circuit 28 includes a coun-
ter circuit 44, a delaying element 45 and an output circuit 46.
The counter circuit 44 detects the pulses 1n the mput signal
of the demultiplexer circuit 28. When the counter circuit 44
detects pulses, the value of the internal counter ct 1s incre-
mented by 1. However, the counter can be updated differ-
ently when pulses are detected. For example, the counter
may be decremented by 1. When pulses are detected, values
other than 1 can be added to the value of the counter. When
pulses are detected, values other than 1 can be subtracted
from the value of the counter.

The maximum value of the counter ct, ., +-1s configured to
a positive integer n. Therefore, if the counter circuit 44
detects a pulse when the equation ct=n holds, an 1rregular
operation 1s executed. In this case, the counter 1s not
incremented by 1. Instead, the value of the counter 1s set to
ct=0. This 1s known as the wrap-around operation of the
counter.

If the value of the counter in the counter circuit 44 1s
updated, the pulse 1s entered to the delaying element 45. The
delaying element 45 delays the entered pulse. Therefore, the
pulse 1s entered to the output 46 with delay time compared
to the original timing.

The output circuit 46 assigns the pulse to the channel with
the channel number equal to the value of the counter ct.
Thus, the pulse becomes the output signal of the correspond-
ing channel. For example, 1f ¢t=0, the pulse becomes the
output signal of channel #0. If ct=1, the pulse becomes the

e

output signal of channel #1. If ct=2, the pulse becomes t.
output signal of channel #2. However, this relationship
between the value of the counter and the assigned channel 1s
only an example. For example, the pulses may be assigned
to the channel with numbers equal to the residue of the
counter value ct. In the example of FIG. 17, the maximum
value of the counter ct,,, .- and the maximum value of the
channel number are both n. However, the maximum value of
the counter and the maximum value of the channel number
do not always need to be equal.

Below, the detection circuit 11a 1s explained with refer-
ence to FIG. 16.

The output signals from the plurality of waveform shap-
ing circuits 29 in the branch 20c¢ are entered to the adder 52.
The adder 52 adds the electric signals entered from the N
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branches. Since each of the branches has a plurality of
wavelorm shaping circuits, the number of signals entered to
the adder 52 1s greater than N. For example, 11 the number
of channels that the demultiplexer circuits each branch has
1s n, nxm signals are entered to the adder 52. The output
signal of the adder 52 becomes the output signal of the
detection circuit 11. The adder 52 can be either an analog
adder or a digital adder. The type of adder used 1s not
limited.

The detection circuit 11a can be a monolithic comple-
mentary metal oxide semiconductor device implementing,
the array of the avalanche photodiode (APD 21), the quench-
ing circuit 22, the pulse circuit 23, the demultiplexer circuit
28, the wavelorm shaping circuit 29 and the adder 25. Each
component can be implemented in separate chips. Thus, the
detection circuit can be implemented by using any kind of
form.

By using the detection circuit according to the fourth
embodiment, 1t 1s possible to make the intervals between the
pulses longer. Thus, even 1in cases when APDs with short
dead times are used, the overlaps of pulses are prevented,
enabling the shaping of pulses. Also, since the use of high
frequency circuits are not necessary, it 1s possible to use
MPPC chips with many pixels. Also, a plurality of MPPC
chips can be read by using time interleave.

(First Variation)

The detection circuit according to the fourth embodiment
had waveform shaping circuits connected to each of the
channels 1n the demultiplexer circuit. The wavelorm shaping
circuits changed the shapes of the pulses so that the electric
signals can be transmitted by using narrower frequency
bandwidths. However, some of the functions of the wave-
form shaping circuit can be omitted.

In the detection circuit according to the first variation, the
wavelorm shaping circuit connected to each of the channels
in the demultiplexer circuit only has the function for adjust-
ing the width of the pulses. Therefore, 1 the pulse width
adjusting circuit 36 of FIG. 10 are connected to each of the
channels 1n the demultiplexer circuit, 1t would be equal to
the configuration of the detection circuit according to the
first variation. The features of the other components are
similar to that of the detection circuit according to the fourth
embodiment.

FIG. 18 1s a graph showing an example of a pulse 47 1n
the output signal of the waveform shaping circuit according
to a first variation. Comparing the pulse 47 with the pulse 33
in FIG. 5, the width of pulse 47 1s larger. Therefore, simply
by making the pulse width larger, it 1s possible to reduce the
performance requirements (for example, operating frequen-
cies and sampling periods) of the signal processing circuits
connected to the next stage of circuit.

(Second Variation)

One of the purposes the waveform shaping circuits were
connected to each of the channels 1 the demultiplexer
circuit was to change the shapes of the pulses so that the
clectric signals can be transmitted without using wide fre-
quency bandwidths. However, circuits other than the wave-
form shaping circuits can be used to reduce the frequency
bandwidth of electric signals. In the following, the detection
circuit according to the second variation 1s described.

FIG. 19 15 a diagram presenting a configuration example
of the detection circuit according to a second variation. In
the detection circuit 116 of FIG. 19, filter circuits 29a are
connected to each of the channels (channels #0-#n) in the
demultiplexer circuit 28. The output signals for each of the
filter circuits 29q are entered to the adder 52.
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Examples of the filter circuit 29a include low-pass filters,
band-pass filters and notch filters. However, as long as the
frequency bandwidth of the entered electric signal 1is
reduced, any type of filter could be used. The filter circuit
29a can be configured only with passive elements. Also, 1t
1s possible to configure the filter circuit 294 by using a
combination of passive elements and active elements. The
filter circuit 294 can be either analog filters or digital filters.
Thus, the configurations, the implementations and the types
of filters are not limited. 10

The configurations of other components 1n the detection
circuit according to the second variation are similar to the
detection circuit according to the fourth embodiment.

Fitth Embodiment 15

It 1s possible to replace the wavelorm shaping circuits in
the detection circuit according to the first embodiment to
filter circuits. The detection circuit according to the fifth
embodiment uses filter circuits instead of the aforemen- 20
tioned wavelorm shaping circuits. In the following, the
differences between the detection circuit according to the
first embodiment and the detection circuit according to the
fifth embodiment are described.

FIG. 20 1s a diagram presenting a configuration example 25
of the detection circuit according to a fifth embodiment. The
detection circuit 11¢ of FIG. 20 has a filter circuit 24¢ instead
of the wavelorm shaping circuit 24. Therefore, the approxi-
mately rectangular shaped pulses in the output signal of the
pulse circuit 23 are entered to the filter circuit 24¢. After part 30
of the frequency bandwidths are rejected by the filter circuit
24c¢, the pulses are entered to the adder 32.

Examples of the filter circuit 24¢ include low-pass filters,
bandpass filters and notch filters. However, as long as the
frequency bandwidth of the entered electric signal 1s 35
reduced, any type of filter could be used. The filter circuit
24¢ can be configured only with passive elements. Also, 1t 1s
possible to configure the filter circuit 24¢ by using a com-
bination of passive elements and active elements. The filter
circuit 24¢ can be either analog filters or digital filters. Thus, 40
the configurations, the implementations and the types of
filters are not limited.

In the second variation and the fifth embodiment, 1t was
explained that the waveform shaping circuits are replaced
with the filter circuits. However, 1 wavelorm shaping cir- 45
cuits are defined as circuits which shape the waves 1n the
broad sense, the filter circuits also fall into the category of
wavelorm shaping circuits. Thus, 1t can be said that a filter
circuit 1s a type of wavelorm shaping circuit.

50

Sixth Embodiment

In the electronic apparatus according to the first embodi-
ment, an A/D converter was connected to the next stage of
the detection circuit. However, this configuration 1s only an 55
example. Therefore, the components connected to the output
terminal of the detection circuit are not limited.

Depending on the output signal of the detection circuit 11,
different components can be connected to the output termi-
nal of the detection circuit. The output signal of the detection 60
circuit 11 could be analog signals or digital signals. Also, the
digital signals could be either synchronized or non-synchro-
nized. The signals can use different frequency bandwidths.
The signals could be electric current signals or electric
voltage signals. The amplitude of the signals could be 65
quantized or not quantized. Thus, the output signal of the
detection circuit 11 1s not limited. In the following, an

16

clectronic apparatus according to a sixth embodiment is
described, mainly focusing on the difference between the
clectronic apparatus according to the first embodiment.
FIG. 21 1s a block diagram describing a configuration
example of an electronic apparatus according to a sixth
embodiment. In the electronic apparatus 1la of FIG. 21, a

sampler circuit 12a 1s connected to the next stage of the
detection circuit 11, instead of the A/D converter 12. The
sampler circuit 12a does not quantize the amplitude of
clectric signals. However, the sampler circuit 12a executes
the sampling of the electric signals. The configuration and
teatures of the other components are similar to the electronic
apparatus according to the first embodiment.

Seventh Embodiment

The electronic apparatus according to the first embodi-
ment was a distance measuring device which measures the
distance between the device and an object 2. However, the
clectronic apparatus according to the embodiment 1s not
limited to distance measuring devices. The electronic appa-
ratus can be any type of device as long as 1t includes the
detection circuits described 1n the above embodiments and
variations. For example, the electronic apparatus can be an
optical communication device, a laser radar, fluorescence
measurement devices, fluorescence microscopes, photon
counters, barcode readers, imaging devices, gamma-ray
detectors and X-ray detectors.

In the seventh embodiment, a case when the electronic
apparatus 1s a device which detects electromagnetic waves 1s
explained. FIG. 22 1s a block diagram describing a configu-
ration example of an electronic apparatus according to a
seventh embodiment. The electronic apparatus 16 1n FI1G. 22
includes a detection circuit 11, a sampler circuit 12 and a
processing circuit 13. The processing circuit 13 includes a
computation circuit 15 and a controller 16 as internal
components.

The detection circuit 11 converts the incident electromag-
netic wave 4a into electric signals. The frequency bandwidth
of the detected electromagnetic waves 1s not limited. The
configuration and the feature of the detection circuit 11
could be the same as the detection circuits according to the
above embodiments and variations. The detection circuit can
have an antenna which receives wireless signals instead of
detectors which execute photoelectric conversion. The con-
figuration and the feature of the sampler circuit 12 1s the
same as the sampler circuit according to the sixth embodi-
ment. Depending on the process executed by the electronic
apparatus 15, the sampler circuit 12 can be omitted.

The computation circuit 15 executes calculations based on
the electric signals entered from the detection circuit 11 or
the sampler circuit 12. For example, the computation circuit
15 may count the number of photons detected during a
certain period. The computation circuit 15 may demodulate
or decode electric signals transmitted by electromagnetic
waves. Also, the computation circuit 15 may generate
images and videos based on the entered electric signals.

Thus, the process executed by the computation circuit 135 1s
not limited.

The controller 16 controls each component of the elec-
tronic apparatus 1b. For example, the controller 16 changes
the operation modes and settings of the detection circuit 11.
Also, the controller 16 may turn on and turn off the detection
circuit 11. The controller 16 may change the process
executed by the computation circuit 15 or the operation
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modes of the computation circuit 15. The above processes
are only examples. Thus, the controller 16 can execute any
other process.

Eighth Embodiment

In the eighth embodiment, the hardware configuration of
the components 1s described. FIG. 23 1s a diagram showing,
hardware configuration of the electronic apparatus. For
example, at least part of the processing circuit 13 according
to the above embodiments and variations can be 1mple-
mented by using a computer 100. The computer 100 can
send instructions to the light source 10 to generate pulses.
Also, the computer 100 can obtain results from the compu-
tation circuit 15 of the electronic apparatus 1 and display the
results on a display 103.

Examples of the computer 100 include various informa-
tion processing devices including servers, client devices,
microprocessors of embedded devices, tablets, smartphones,
teature phones and personal computers. The computer 100
may be implemented by VMs (virtual machines) or contain-
ers.

The computer 100 1n FIG. 23 includes a processor 101, an
iput device 102, a display 103, a communication device
104 and a storage 105. The processor 101, the mput device
102, the display 103, the communication device 104 and the
storage 103 are electrically connected to each other via a bus
106.

The processor 101 1s an electric circuit including the
controller and arithmetic unit of the computer 100. It 1s
possible to use general purpose processors, central process-
ing units (CPUs), microprocessors, digital signal processors,

controllers, microcontrollers, state-machines, ASICs,
FPGAs, PLDs or a combination of the above as the proces-
sor 101.

The processor 101 executes arithmetic operations by
using data or programs provided from devices connected via
the bus 106 (for example, the mnput device 102, the com-
munication device 104 and the storage 105). Also, the
processor 101 transmits the calculated results and control
signals to the devices connected via the bus 106 (for
example, the display 103, the communication device 104
and the storage 105). Specifically, the processor 101
executes the OS (the operation system) of the computer 100
and control programs. Also, the processor 101 controls
various devices which are included 1n the computer 100. The
processor 101 may control devices which are communicat-
ing with the computer 100.

By using the control program, it 1s possible to make the
computer 100 operate as the aforementioned electronic
apparatus 1. Examples of processes executed by the control
program include sending instructions to the pulse generator
circuit of the light source 10, equalization of electric signals,
notifying the settings of the emitted electromagnetic waves
to the detection circuit 11 or the equalizer 14, calculations of
distances in the computation circuit 135, calculations of
detected photons in the computation circuit 15, demodula-
tion of signals, decoding of signals and generation of
images. At least part of the processes above can be executed
by hardware circuits, 1nstead of the control program.

The control program 1s stored in a non-transitory storage
medium which 1s readable by the computer. Examples of the
storage medium 1nclude optical discs, magnetic discs, mag-
netic tapes, flash memories and semiconductor memory.
However, the type of storage medium 1s not limited. When
the processor 101 executes the control program, the com-
puter 100 operates as the electronic apparatus 1.
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The mput device 102 1s a device for entering information
to the computer 100. Examples of the input device 102
include a keyboard, a mouse and a touch panel. However,
the type of device 1s not limited. By using the imnput device
102, the user can enter the pulse shapes of the emitted
clectromagnetic wave, pulse width of the emitted electro-
magnetic wave, itensity of the emitted electromagnetic
wave, the timing when the pulse of the electromagnetic
wave 1s emitted, the frequency of the electromagnetic wave,
methods used for equalizations and instructions to start
measurement of distances and instructions to change the
contents displayed on the display 103, to the computer 100.

The display 103 can display texts, graphics and videos.
Examples of the display 103 include a LCD (liquid crystal
display), CRT (cathode ray tube) or an organic electrolumi-
nescence display. However, the type of displays used 1s not
limited. I the computer 100 1s used as a distance measuring
device information including the shape of the pulses, width
of the pulses, intensity of the pulses, timing for emitting
pulses, the frequency (pulse information) and the distance to
the object 2 can be presented on the display 103.

The communication device 104 enables the computer 100
to communicate with external devices via wireless or wired
communication mediums. Examples of the communication
device 104 include Network Interface Cards, communica-
tion modules, hubs and routers. However, the type of device
1s not limited. Also, 11 the computer 100 1s a server installed
in data centers and machine rooms, the computer 100 may
accept 1nstructions transmitted from remote communication
terminals and transmit contents to be displayed in remote
communication terminals, via the communication device
104.

The storage 105 saves the operating system of the com-
puter 100, the program, data necessary to execute the
program and data generated by the program. The storage 1035
includes the main storage device and the external storage
device. Examples of the main storage device include RAM,
DRAM and SRAM. However, the type of device used as the
main storage device 1s not limited. Also, examples of the
external storage device include HDD, optical discs, flash
memory and magnetic tapes. However, the type of device
used as the external storage 1s not limaited.

The computer 100 may include a plurality of processors
101, input devices 102, displays 103, communication
devices 104 and storage 105. The computer 100 may be
connected to peripheral devices such as printers or scanners.

The electronic apparatus 1 may include a single computer
100. The electronic apparatus 1 may include a plurality of
computers which are communicable to with other comput-
ers.

The program may be stored in the storage 105 of the
computer 100. The program may be stored in the external
storage. The program may be uploaded to the Internet. By
installing the program to the computer 100, the features of
the electronic apparatus 1 become executable.

The terms used 1n the embodiments should be interpreted
broadly. For example, the term “processor’” may include a
general-purpose processor, a central processor (CPU), a
microprocessor, a digital signal processor (DSP), a control-
ler, a micro-controller, and a state machine. Depending on
situations, the “processor’” may indicate an application spe-
cific integrated circuit, a field programmable gate array
(FPGA), a programmable logic circuit (PLD), and the like.
The “processor” may indicate a combination of processing
devices such as a plurality of microprocessors, a combina-
tion of a DSP and a microprocessor, and one or more
microprocessors cooperating with a DSP core.
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As another example, the term “memory” may include any
clectronic component capable of storing electronic informa-
tion. The “memory” can indicate a random access memory
(RAM), a read only memory (ROM), a programmable read
only memory (PROM), an erasable programmable read only
memory (EPROM), an electrically erasable PROM (EE-
PROM), a nonvolatile random access memory (NVRAM), a
flash memory, and a magnetic or optical data storage. The
data saved in the devices mentioned above can be read by a
processor. IT the processor performs reads, writes or both
reads and writes to the memory, the memory can be con-
sidered to be communicating electrically with the processor.
The memory can be integrated with the processor. In such
cases as well, the memory can be considered as communi-
cating electrically with the processor.

The term “storage device” or “storage” may include any
device that can store data using magnetic technology, optical
technology, or nonvolatile memory. For example, the stor-
age can be a HDD, an optical disk, a SSD, or the like.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the mventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.

The invention claimed 1s:

1. An electronic apparatus comprising;

a first avalanche photo diode;

a second avalanche photo diode;

a first pulse circuit configured to shape a signal of the first

avalanche photo diode to a first pulse;

a second pulse circuit configured to shape a signal of the
second avalanche photo diode to a second pulse;

a first wavelorm shaping circuit configured to shape the
first pulse to a third pulse having a narrower frequency
bandwidth than that of the first pulse;

a second waveform shaping circuit configured to shape
the second pulse to a fourth pulse having a narrower
frequency bandwidth than that of the second pulse; and

an adder configured to add the third pulse and the fourth
pulse.

2. The electronic apparatus according to claim 1, further

comprising;

a demultiplexer circuit configured to assign each of the
first pulses and the second pulses to a plurality of
channels and output the each of the first pulses and the
second pulses to the assigned channel after a delay
time, wherein

the first wavelorm circuit 1s connected to either of the
channels, and the second wavelorm circuit 1s connected
to either of the channels.

3. The electronic apparatus according to claim 2, further

comprising:
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an counter circuit configured to update a value of a
counter when the first pulse or the second pulse 1is
detected;

a delaying element configured to output the first pulse or
the second pulse after the delay time; and

an output circuit configured to output the first pulse or the
second pulse entered by the delaying element to the
channel corresponding to the value of the counter.

4. The electronic apparatus according to claim 3 wherein
the first pulse shaped by the first pulse circuit and the second
pulse circuit shaped by the second pulse circuit are approxi-
mately rectangular shaped.

5. The electronic apparatus according to claim 1, further
comprising:

a light source configured to emit a fifth pulse, wherein

the first avalanche photo diode and the second avalanche
photo diode are configured to detect reflected waves of
the fifth pulse; the first pulse circuit 1s configured to
generate the first pulse with a pulse width equal to the
pulse width of the fifth pulse; and the second pulse
circuit 1s configured to generate the second pulse with
a pulse width equal to the pulse width of the fifth pulse.

6. The electronic apparatus according to claim 1, wherein

the third pulse shaped by the first wavelorm shaping
circuit and the fourth pulse shaped by the second
wavelorm circuit has shapes similar to either approxi-
mately triangular shapes, sinc function shapes or
(Gaussian function shapes.

7. The electronic apparatus accordmg to claim 1, wherein

the first waveform shaping circuit 1s Conﬁgured to gen-
erate the third pulses by combiming a plurality of the
first pulses 1n time domain and amplitude direction; and
the second wavelorm shaping circuit 1s configured to
generate the fourth pulses by combining a plurality of
the second pulses 1n time domain and amplitude direc-
tion.

8. The electronic apparatus according to claim 1, wherein

the first wavelorm shaping circuit and the second wave-
form circuit includes a filter circuait.

9. The electronic apparatus according to claim 1, wherein

the first wavelorm shaping circuit include a first pulse
width adjusting circuit configured to adjust pulse width
of the first pulse; and the second waveform shaping
circuit mclude a second pulse width adjusting circuit
configured to adjust pulse width of the second pulse.

10. The electronic apparatus according to claim 1,
wherein

the first wavelorm shaping circuit and the second wave-
form circuit each include a plurality of delaying ele-
ments and a plurality of switches configured to operate
based on the voltage of electric signal entered from
cach of the delaying element.

11. The celectronic apparatus according to claim 1,

wherein

the first avalanche photo diode and the second avalanche
photo diode are configured to operate in Geiger mode.
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